ABSTRACT In this paper, an adaptive polarization-QAM modulation (APQAM) scheme is proposed to improve the power amplifier (PA) energy efficiency (EE) in orthogonal frequency division multiplexing (OFDM) systems. Since we found that polarization modulation (PM) has better EE performance than QAM in the nonlinear region of PA while QAM outperforms PM in the linear region, we can combine these two modulation schemes together and adjust their modulation orders adaptively to obtain higher EE performance. First, a truncated Taylor series model is used to represent PA nonlinearity, so the effects of both the in-band distortions and the out-of-band emissions on the OFDM signals can be analyzed. Second, two APQAM algorithms are investigated in both AWGN channel and depolarization channel with powerdependent loss. Furthermore, symbol error rate performance of the APQAM scheme is obtained in different channel conditions, and the influence of channel estimation error is analyzed to testify the robustness of the proposed APQAM scheme. Simulation results show that, if perfect channel state information is obtained, the EE of the proposed scheme is nearly 50% more than that of the traditional QAM scheme in OFDM systems.
I. INTRODUCTION
Power amplifier (PA), working as the main component of orthogonal frequency division multiplexing (OFDM) systems, consumes 60% ∼ 70% of the total energy while the energy conversion efficiency is only 5% ∼ 10% [1] - [4] . It is mainly because PA needs to work in its linear region to avoid nonlinear distortion, while the energy conversion efficiency in linear region is pretty low [5] . Furthermore, the high peak-to-average power ratio (PAPR) of the OFDM signal suggests that a large linear range of PA is needed to avoid nonlinear distortion [6] . On the contrary, polarization modulation (PM) can use the polarization state (PS) of the signal to carry the information and is unaffected by the PA nonlinearity, thus PA can work in its nonlinear region where higher energy conversion efficiency is acquired and the energy efficiency (EE) of PA is improved [7] .
Three trends are considered to restrain the nonlinear distortion effect and improve the EE of PA in OFDM systems. The first kind of schemes focuses on changing the characteristic of the OFDM signal through decreasing the PAPR [8] . However, improvement of EE is limited since PA is mainly driven into its linear region where the energy conversion efficiency is very low. The second kind of schemes aims at cancelling the nonlinear distortion produced by PA which is working in the nonlinear region, such as the pre-distortion scheme in [9] . However, due to the memory effect of PA, the removal of the nonlinear distortion is very difficult while extra energy is consumed during the cancellation, which means the improvement of EE is still limited. The third kind of schemes concentrates on changing the informationcarrying parameter such as PM. As the PS of the transmitted signal is robust to PA nonlinearity, PM can be used to transfer the information and improve the EE of PA. Reference [10] indicates that, if PA works in its nonlinear region, PM has a better EE performance than QAM under the same modulation order. However, when PA works in its linear region, the EE performance of QAM outperforms that of PM. In other words, there is a tradeoff between the EE performance of PM and QAM in different working regions of PA. Thus, PM and QAM may work together and use the adaptive modulation scheme to enhance the EE performance of PA.
Many schemes are designed for the EE enhancement in OFDM systems. Wu et al. [11] intend to improve the EE from the system level. They investigate the EE optimization methods from both the BS side and the receiver side. They also propose a holistic power consumption model considering the transmission power, the signal processing power and the circuit power while considerable EE gain is achieved. In addition, many articles propose several effective methods to improve EE using the adaptive modulation schemes. They set different modulation orders and transmit power among all the subcarriers according to the current channel state information (CSI) [12] , [13] . However, to the best of our knowledge, few articles consider PM as an optional modulation scheme to improve EE in OFDM systems. Since PM is robust to PA nonlinearity, we can combine QAM and PM together and change their modulation orders adaptively, then both of the working regions of PA are utilized and the EE of PA can be further improved.
Based on the analysis above, a polarization-amplitudephase modulation scheme is proposed in [14] . The in-band distortion effect of the PA nonlinearity is analyzed using the Bussgang model. In fact, both the in-band distortions and the out-of-band emissions are produced by PA in the actual OFDM systems [15] . In addition, an adaptive polarization modulation scheme is proposed in [16] to improve the spectral efficiency without considering the impact of PA nonlinearity. In our previous work, we proposed an adaptive polarization-QAM modulation scheme (APQAM) in OFDM systems to improve EE of PA. When the data rate requirement varies, the proposed scheme can adjust the modulation orders of PM and QAM adaptively and choose the optimal working point of PA according to the current CSI, thus EE can be improved [17] .
In this paper, an APQAM scheme is proposed in the OFDM systems to improve the EE of PA. Considering the data rate requirement variation and the PA nonlinearity, the system model of the APQAM scheme is established. Based on this model, the proposed scheme can be formulated as an optimization problem regarding the PA output back off (OBO) value and the modulation orders of PM and QAM. The APQAM scheme can choose the optimal modulation order for PM and QAM respectively and set the best working point for PA. Also, a full-band as well as a sub-band APQAM algorithms are proposed for different channel conditions. Further, the performance of the proposed APQAM scheme is evaluated with PA nonlinearity, depolarization effect and channel estimation error to testify the robustness of it.
The contribution of this paper is briefly summarized as follows:
1) Both the linear region and the nonlinear region of PA is crucial for the EE enhancement. The proposed APQAM scheme makes full use of both the advantages of QAM in the linear region and PM in the nonlinear region to obtain higher EE performance. The proposed APQAM scheme can choose the optimal modulation orders of QAM and PM adaptively according to the data rate requirement and the CSI, so that the EE of PA can be enhanced.
2) The variation of CSI is the main course of the modulation order fluctuation in APQAM based OFDM systems, thus two APQAM algorithms are designed for different channel conditions. In AWGN channel, when depolarization effects can be neglected, PA nonlinearity is the main problem. Then a full-band APQAM algorithm with low complexity and considerable EE improvement can be designed in this case, where the whole signal band is modulated with the same modulation order for both QAM and PM. In another case, when the depolarization effect exists, the degree of depolarization effect such as power dependent loss (PDL) is related to the frequency of subcarriers in OFDM systems, and adjacent subcarriers suffer similar degree of depolarization effect due to its slow-frequency changing characteristic [18] , [19] . Therefore, all the subcarriers can be divided into several subgroups while considering the subgroup as the minimum adaptive modulation unit to build a sub-band APQAM algorithm [20] . Then each subgroup can set different modulation orders according to the degree of depolarization effect. Comparing with the full-band APQAM algorithm, the subband APQAM algorithm should bring further improvement of the EE performance in OFDM systems, due to its better adaptation to the depolarization channel.
3) Accurate CSI estimation is crucial for the APQAM based EE enhancement scheme in OFDM systems. However, perfect channel estimation and feedback is hard to achieve in the realistic systems as the influence of channel estimation error is inevitable. Therefore, in this paper, the effect of channel estimation error on the EE performance of the proposed scheme is analyzed and simulated to show the robustness of the proposed scheme.
The rest of this paper is organized as follows. In Section II, we establish the system model and the signal model for the APQAM scheme in OFDM systems. In Section III, we describe the energy efficiency model of the APQAM scheme to form an optimization problem. A full-band and a subband APQAM algorithms are presented in Section IV. Both of the closed-form solutions of the symbol error rate (SER) performance for QAM and PM are expressed in Section V, under the impact of PA nonlinearity, depolarization effect as well as the channel estimation error. Simulation and analysis are given in Section VI. Finally, the conclusion is presented in Section VII.
II. SYSTEM MODEL
In this section, the system model of the APQAM scheme in OFDM system is presented in order to improve the EE of PA, as shown in Fig. 1 . The APQAM scheme modulates the source bits into the transmitted signals at the transmitter and recovers source bits at the receiver. Also, the signal model of the APQAM scheme at the transmitter is expressed, as shown in equation (8) . At the transmitter, the proposed APQAM scheme can be designed by adding a polarization branch to the traditional OFDM system [14] . The data rate requirement is expressed as R while the data rate of the upper QAM branch and lower PM branch are shown as R Q and R P respectively. According to the current data rate requirement and the CSI estimated in the channel, the adaptive modulation unit can determine the optimal modulation order for QAM in the upper branch and PM in the lower branch as well as the best working point of PA. In this way, the EE of PA is improved.
Here, a universal Taylor series model is used to represent the nonlinear behavior of PA [21] . This model is considered mainly because its clear description of PA nonlinearity. Also, it can be used to express both the in-band distortions and out-of-band emissions produced by the nonlinear PA. For this PA model, it is obvious that the even-order distortion components are far from the original OFDM signal band. Also, the fifth and above odd-order distortion components are quite small. So without loss of generality, a truncated Taylor series model which only includes the first and the third order of PA nonlinearity is considered. Then the relationship between the PA input signal x(t) and the output signal y(t) is shown as follows
where a 1 and a 3 are the coefficients of the Taylor series model which are related to the specific hardware characteristic of PA. In this paper, the input OFDM signal of PA is expressed as
where X k represents the data on k th the subcarrier, N is the number of subcarriers and T is the OFDM symbol time.
Then the output signal of PA can be written as
Besides the original OFDM signal, y(t) contains several kinds of intermodulation products and harmonics. Through the band filter, the third part of y(t) which are the harmonics can be removed. After that, the signal can be expressed as y (t)
At this moment, there are still several kinds of intermodulation products mixed with the original signal in the OFDM signal band.
At the PM branch, each symbol is mapped to the M P order PM constellation { p i } M P i=1 through the constellation mapping unit in the digital domain. Then the power division unit (PDU) and phase shifting unit (PSU) are designed to modulate the PS of signal y (t) to { p i } M P i=1 in the analog domain. PDU divides into y (t) two identical components and modifies the amplitude ratio between them, while PSU changes the phase difference. Each PS can be described by its phase descriptor (δ i , φ i ) (δ i ∈ [0, π/2) , φ i ∈ [0, 2π )). Thus, the transfer function of PDU and PSU can be described as F i and G i .
At the PM branch, each symbol modulated by PM can be well-determined by the PS of the signal, shown as the following equation.
For the dual-polarized antennas at the transmitter, the two orthogonally polarized components {E H , E V } of the transmitted signal E carries both QAM and PM information, VOLUME 5, 2017 expressed as equation (8) .
From equation (8), the phase descriptor of the transmitted signal can be calculated as follows
Equation (9) and (10) show that the PS of all frequency components in one subcarrier including the intermodulation products are modulated to P i which means the PS of the distorted signal is unaffected by the PA nonlinearity. Thus, the APQAM scheme can use the distorted signal to carry the information and the EE of PA can be improved.
Since PM changes the amplitude and the phase of the OFDM signal, the information carried by PM should be removed first at the receiver. After extracting the polarization parameters, the data transferred by the PM branch can be recovered using the polarization matching receive method [22] . Then the original amplitude and phase of the OFDM signals as well as the data carried by the QAM branch can be recovered.
In order to improve the EE of PA, the problem description of the APQAM scheme will be expressed in the following section. Then the EE optimization algorithms in different channel conditions will be given in Section IV. Based on the above analysis, the impact of PA nonlinearity, depolarization effect and channel estimation error on the proposed scheme will be presented in Section V.
III. THE PROBLEM DESCRIPTION OF THE APQAM SCHEME
Based on the system model and the signal model of the APQAM scheme, we will describe the energy efficiency optimization problem as well as the corresponding restricted conditions of the proposed scheme in this section. Since PM is robust to PA nonlinearity, then it has better EE performance compared to QAM in the nonlinear region of PA. On the contrary, QAM has better EE performance in the linear region. The proposed APQAM scheme can combine the advantages of both modulation schemes, and adjust the modulation orders of them according to the current data rate requirement and channel state information while choosing the optimal working point of PA, hence the EE of PA can be enhanced.
Here, the EE of PA is defined as the ratio between the effective data rate R m and the PA total energy consumption P total .
The APQAM scheme can be formulated as a constrained optimization problem as follows
SER Qk , SER Pk ≤ SER th (14) 0
In the above equations, R represents the data rate requirement at the transmitter, M Qk and M Pk are the modulation orders of QAM and PM on k th the subcarrier. SER Qk and SER Pk are the corresponding SER performance. SER th indicates that a SER threshold should be guaranteed by both QAM and PM on the k th subcarrier. Also, the PA input power P IN should not exceed its input saturation power P ISA .
During the analysis, we use PA MRF6S21050L to verify our theory. The total energy consumption P total can be expressed as a function of input power P IN . It is an approximate model obtained through Advanced Design System (ADS) and Matlab using the data fitting method [23] .
Although we can use P IN to express P total , P IN can not express the working region of PA directly. So the PA output back off (OBO) value should be used instead of P IN , written as equation (18), where P OSA represents the PA output saturation power and P OUT is the PA output power.
Meanwhile, the relationship between P IN and P OUT can be shown as (19) and (20) according to [15] .
From the above analysis, it can be seen obviously that, regarding a certain data rate requirement, the optimal M Qk , M Pk and P IN should be determined. Through these parameters, not only P total and corresponding η can be calculated, OBO value can also be obtained to represent the working point of PA. Therefore, specific optimization algorithms should be designed to allocate data rate to the upper QAM branch and lower PM branch. It can also be seen that, the optimal modulation orders are determined based on the SER calculation for both PM and QAM. Many factors have an impact on the SER performance of the APQAM scheme, such as PA nonlinearity, depolarization effect and channel estimation error. It is crucial to acquire accurate SER for PM and QAM to determine optimal parameters such as M Qk , M Pk and P IN , so that the EE of PA can be enhanced.
In this paper, since we mainly focus on the polarization modulation based EE enhancement scheme, then only limited numbers of optional M Qk , M Pk and P IN are set, so that the EE fractional optimization problem can be solved in a simplified approach using the ergodic searching method. Also, this kind of approach doesn't need the EE curve to be concave or quasi-concave, so that complicated mathematical deduction can be avoided. The analysis and simulation in the following will show that this kind of simplification is reasonable and effective, and considerable EE gain can be achieved without huge loss of generality. In our further study, much more comprehensive analysis of EE optimization problem will be done to get a globally optimal solution [24] .
In order to solve the energy efficiency optimization problem, a full-band APQAM optimization algorithm as well as a sub-band APQAM optimization algorithm will be presented for different channel conditions in the next section while the closed-form solution of the SER performance for PM and QAM will be analyzed later.
IV. TWO APQAM ALGORITHMS FOR DIFFERENT CHANNEL CONDITIONS
In this section, based on the former EE optimization problem in Section III, two APQAM algorithms are considered in order to enhance the EE performance based on different channel conditions. In AWGN channel, we propose a full-band APQAM algorithm which modulates the whole signal band for both PM and QAM, while all the frequency components share the same modulation order. In depolarization channel, we also propose a sub-band APQAM algorithm which allocates different modulation orders for subcarrier groups of PM and QAM, due to the slow-varying characteristic of PDL among adjacent subcarriers. Ideal CSI estimation is assumed in this part.
A. THE FULL-BAND APQAM ALGORITHM IN AWGN CHANNEL
In AWGN channel, the depolarization effect does not exists, the main factor that affects the EE performance of the APQAM scheme is the PA nonlinearity. The full-band APQAM algorithm is designed based on the whole OFDM signal band. In this algorithm, all the subcarriers with QAM in the upper branch are assumed to use the same modulation order, while all the subcarriers in the lower PM branch use another same modulation order. Therefore, for k ∈ [0, 1, · · ·, N − 1], SER Qk are the same while SER Pk are identical. In the full-band APQAM algorithm, every data rate assignment circumstance is related to a certain modulation order setting for both PM and QAM. Also, the PA input power P IN is chosen among a set of 20 figures for easy calculation. They can cover most of the working region and working points of PA as 10 of them are working in the linear region while the other 10 represents the nonlinear region. They are all obtained from our previous work and they can fit equation (17) to its maximum extent. Thus, after initializing the data rate requirement, the full-band APQAM algorithm tries every possible date rate assignment and every possible PA input power P IN using the ergodic optimization method, and the EE performance for every circumstance is calculated. Then the maximal EE performance is chosen, and the optimal modulation order for PM and QAM as well as the optimal PA input power P IN is set. Note that PM only suffers AWGN noise since PM is robust to PA nonlinearity. The detailed description is given in Algorithm 1.
Algorithm 1 Full-Band APQAM Alogorithm
Require: Set data rate requirement R, subcarrier number N , assume R is an integral multiple of N . Ensure:
for every P IN do Compute SER P under the impact of AWGN noise Compute SER Q under the impact of both PA nonlinearity and AWGN noise Compute P total−j using equation (17) η
P total−j end for end for Choose max η j for current data rate requirement Set optimal modulation order M Q = 2 j , M P = 2 R N −j Set optimal P IN Also, the computational complexity of the full-band APQAM algorithm is shown as equation (21) below. The optional number of PA input power P IN is set as D for easy calculation and implementation.
In AWGN channel, we mainly focus on dealing with the PA nonlinearity, as the modulation order in all subcarriers is assumed identical in the full-band APQAM algorithm for QAM and PM respectively. For the current data rate requirement, we use the ergodic method to search all the possible scenario of data rate allocation, in order to choose the maximal EE performance, then the modulation order for QAM and PM as well as the PA input power are set and the EE of PA can be enhanced. The full-band APQAM algorithm has an advantage of low computation complexity and easy implementation. In another case, besides PA nonlinearity, we have to deal with depolarization effect such as power dependent loss (PDL) in the depolarization channel, then a sub-band APQAM algorithm is analyzed in the next part.
B. THE SUB-BAND APQAM ALGORITHM IN DEPOLARIZATION CHANNEL
In the first full-band APQAM algorithm, although it can be used in the depolarization channel, it still remains plenty of improvement possibility. On the other hand, if traditional adaptive modulation method is considered as all the subcarriers use different modulation orders, then it will bring huge computation complexity to the system. There should be a tradeoff between the EE enhancement and the computation complexity. Moreover, in depolarization channel, the depolarization effect PDL has a slow-varying characteristic between all the subcarriers, which means adjacent subcarriers suffer similar degree of PDL effect, so in this part a sub-band APQAM algorithm is considered to improve the EE of PA. Subcarriers in the upper branch and lower branch are both divided into several subgroups, as the same modulation order is set in each subgroup considering current CSI and PA nonlinearity. Also, an EE gain function is designed for the EE further improvement, which is shown as follows.
In this equation, m represents current modulation order level of one subgroup while R(m), SER P / Q (m) and P(m) are the corresponding data rate, SER performance for PM or QAM and power consumption of the same subgroup. m + 1 expresses the next higher modulation order level. For example, if the current modulation order level of PM is 2, then the next higher modulation order level represented by m + 1 is 4. For QAM, if the current modulation order level is 4, then the next higher modulation order level is 16 which avoids unsymmetric constellations. Similarly, R (m + 1), SER P / Q (m + 1) and P(m + 1) denotes the data rate, SER performance for PM or QAM and power consumption of next higher level in the same subgroup. When we calculate the EE gain of any subgroup in the upper QAM branch, we use SER Q to obtain it for any modulation order. On the other hand, when we calculate the EE gain of any subgroup in the lower PM branch, we use SER P instead. In the proposed sub-band algorithm, only limited numbers of P IN is chosen for both the linear region and nonlinear region of PA. Also, the feasible modulation order for QAM and PM is less than 64. With all these simplified operation, the calculation and implementation of the sub-band algorithm become much easier, and the EE-m curve doesn't need to be concave or quasi-concave.
In the sub-band APQAM algorithm, lowest modulation order is assumed for each subgroup in the upper and lower branch at first. Then we calculate the EE promotion for each subgroup when the modulation order moves to next higher level, and choose the maximal one. After that, we continue to calculate the EE promotion and raise the modulation order Algorithm 2 Sub-Band APQAM Algorithm Require: Set current data rate requirement R, subcarrier number N , subgroup sequence number 2M for both QAM and PM. When l ∈ {1, 2, · · ·, M }, subgroups for QAM. When l ∈ {M + 1, M + 2, · · ·, 2M }, subgroups for PM.
Ensure:
Assume lowest modulation order for QAM and PM at first while R sum < R do if l ∈ {1, 2, · · ·, M } then Compute SER Q (m + 1) and SER Q (m) under the impact of PDL, PA nonlinearity and AWGN noise else {l ∈ {M , M + 1, · · ·, 2M }} Compute SER P (m + 1) and SER P (m) under the impact of PDL and AWGN noise Compute η(m) for each subgroup using equation (22), and choose the maximal l th subgroup Update the modulation order of all the subcarriers in subgroup l to the next higher level
end if end while
until all the data rate is allocated. In the sub-band APQAM algorithm, the data rate is allocated through the increasing of the modulation order for each subgroup, while maximal EE promotion is acquired all the time. The detailed description of the sub-band APQAM algorithm is shown in Algorithm 2. Also, the computational complexity of the sub-band APQAM algorithm is shown as equation (23) below.
From Algorithm 2, it can be seen that the sub-band APQAM algorithm begins to search for the optimal EE performance from the lowest modulation order for all the subgroups and increases the modulation orders of them to fulfill the data rate requirement until convergence. It is important to note that, with the use of orthogonal dual-polarized antennas, not only PM but also QAM suffer the depolarization effect of PDL [14] . Still, PM is unaffected by the PA nonlinearity. Moreover, the sub-band APQAM algorithm can utilize the slow-varying characteristic of PDL in the channel among the adjacent subcarriers, thus all the subcarriers don't need to cope with the worst channel state among the whole signal band. The sub-band APQAM algorithm is more suitable for the depolarization channel scenario. Hence, the sub-band APQAM algorithm can take better advantage of the resource in the system by fitting the current channel state, and the EE of PA can be further enhanced. Comparing with the fullband APQAM algorithm, although the computational complexity of the sub-band APQAM algorithm is multiplied by the 2M factor, it can still bring further EE improvement with the loss of computation complexity in an acceptable degree, which will be presented in the simulation part.
From the above two algorithms, it is easy to find that only two parameters P ISA and P OSA as well as one equation (17) are related to the specific type of PA, while all other parameters and equations are universal. In other words, the proposed APQAM algorithms not only can be used in specific type of PA, but also can be applied to all kinds of PAs with distinct nonlinear property. Moreover, it won't bring extra computational burden to the proposed algorithm.
In these algorithms, both SER Qk and SER Pk can affect the effective data rate R m as well as η. It is very important to obtain the accurate expression of the SER performance for QAM and PM. It is obvious that PA nonlinearity and PDL effect have an influence on the SER performance of the signal. Moreover, the operation of the former two APQAM algorithms relies on the ideal CSI estimation. However, in most cases, ideal CSI estimation is unavailable, which means channel estimation error may occurs, and it will cause extra SER degradation. Based on the analysis above, we will analyze the SER performance of the APQAM scheme comprehensively in the next section.
V. PERFORMANCE ANALYSIS OF THE APQAM SCHEME
In the APQAM based OFDM systems, it is crucial to get the SER performance for both QAM and PM, so that the optimization algorithms can be used to improve the EE of PA. Many factors will cause the symbol error at the receiver. In AWGN channel, it is mainly shown as the nonlinear distortion produced by PA nonlinearity. It will cause a SER degradation of QAM while PM is immune to it. Also, the AWGN noise should be considered. In depolarization channel, besides PA nonlinearity and AWGN noise, the depolarization effect PDL in the channel also has an impact on the SER performance. PDL will cause symbol error for both PM and QAM. Moreover, as the operation of the proposed APQAM scheme relies on accurate CSI, then the existence of channel estimation error will also cause SER degradation, thus channel estimation error should be included as well. In this section, all the factors which affect the APQAM scheme are considered and the corresponding closed-form SER performance for QAM and PM are calculated as well.
A. THE SER PERFORMANCE IN AWGN CHANNEL
Firstly, the SER performance of QAM and PM is analyzed in AWGN channel. We have proved earlier that PM is unaffected by PA nonlinearity, so we mainly consider the effect of PA nonlinearity and AWGN noise on QAM. Let the received OFDM signal after removing the PM information be r(t), then it can be approximatively seen as the sum of distorted signal y (t) and the additive white Gaussian noise in the channel, shown as equation (24) .
Then the sampled signal on the k th subcarrier after fast Fourier transform can be written as
where
The expression for U 3 (N , k) and Q k are shown as follows according to [25] .
Four kinds of components are included in the received signal Y k . The first one is the desired signal on the k th subcarrier. The second one is the in-band distortions on the k th subcarrier. The third one is the out-of-band emissions while the last one is the AWGN noise. As the third-order nonlinear behavior of PA exists, many intermodulation products such as the in-band distortions and the out-of-band emissions are introduced into the system. Combining with AWGN noise, all of them will cause a severe SER degradation.
With the existence of PA nonlinearity and AWGN noise, the signal to interference plus noise ratio (SINR) for QAM on the k th subcarrier can be expressed as
where P k is the power of the desired signal, P I M k is the intermodulation products power and N 0 is the AWGN noise. The direct description of SIN R Qk will be given in the Appendix A. So the corresponding SER performance on the k th subcarrier based on QAM is calculated as
On the other hand, since PM is robust to PA nonlinearity, only AWGN noise affects the SER performance, so the signal to noise ratio (SNR) for PM can be written as
For SER Pk , it can be expressed as following
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When M Pk = 2
When M Pk > 2
In equation (32)- (34), M Pk is the modulation order of PM on the k th subcarrier, f (t i , ϕ i ) represents the joint probability density function of P i 's colatitude and azimuth on the Poincare sphere in the presence of AWGN noise [26] , which can be expressed as
In depolarization channel, besides PA nonlinearity and AWGN noise, PDL effect will also cause SER degradation. The SER performance of QAM and PM in depolarization channel will be analyzed in the next part.
B. THE SER PERFORMANCE IN DEPOLARIZATION CHANNEL
For the APQAM scheme in OFDM systems, the PS of the signal carries both parts of information of QAM and PM. However, in depolarization channel, PS is affected by the depolarization effect which will cause SER degradation. In this part, power dependent loss (PDL) is considered as the depolarization effect in the channel. PDL is caused by the anisotropy of the wireless channel, it appears that the power attenuation in the channel is related to the transmitted PS. Before arriving at the receiver, the polarization constellation of the signal rotates and contracts, which will cause polarization constellation distortion. PDL will bring symbol error to both QAM and PM, but it has a slow-varying characteristic among adjacent subcarriers, so that a sub-band APQAM algorithm is designed in the depolarization channel, as mentioned earlier.
Besides PDL, the signals still suffer from PA nonlinearity and AWGN noise in the depolarization channel, so the analysis in this part is based on the conclusion above in the AWGN channel. For both QAM and PM, PDL will cause timevarying SINR or SNR, and the SER performance deteriorates.
Since orthogonally dual-polarized antennas are used both at the transmitter and the receiver, the channel matrix can be written as
where H XY (t) is the complex channel gain between the X polarization component at the transmitter and the Y component at the receiver. Through the singular value decomposition, PDL is defined as
where λ 1 (t) and λ 2 (t) are the eigenvalues of channel matrix, U and V are unitary matrices and is the diagonal matrix through the decomposition. Then the effect of PDL on the transmitted signal can be expressed as
Among all the matrix decomposition products, unitary matrix U and V rotate the polarization constellation as a rigid body, they don't affect the constellation structure and the carried information remains the same. The power attenuation and constellation distortion is only related to the diagonal matrix . Therefore, when the signal is affected by PDL, the power attenuation factor can be written as
Thus, the SINR of QAM and the SNR for PM under PDL effect can be obtained as
Comparing equation (41)(42) with equation (28)(31), it can be seen that PDL can cause varying SINR or SNR, which further results in SER degradation. Also, the closedform solution of the SER performance for both QAM and PM in the depolarization channel can be calculated through equation (29)(30) and (32)-(35).
In the above two parts, the SER performance of QAM and PM is acquired in AWGN channel and depolarization channel, under the assumption of perfect CSI estimation. However, channel estimation error is unavoidable in the actual channel estimation, and it will cause inaccurate channel matrix acquisition and further SER degradation. In next part, we will analyze the influence of channel estimation error on the proposed APQAM scheme.
C. THE EFFECT OF CHANNEL ESTIMATION ERROR
Accurate CSI estimation is vital for the APQAM based OFDM system, so that the depolarization effect can be calculated and the optimal modulation orders for QAM and PM can be determined. All the analysis above is based on the fact that accurate channel estimation can be done at the receiver and perfect CSI can feedback to the transmitter. However, accurate channel estimation is a challenging problem, as the appearance of channel estimation error is inevitable, and it can affect the performance of the APQAM scheme in a certain degree.
It is assumed that pilot based channel estimation is used to estimate CSI and zero forcing method is employed at the receiver to recover the original signal. When ideal CSI estimation is considered, the received signal can be expressed as
where W is the zero forcing matrix, S is the receive signal before zero forcing, H represents the channel matrix, E is the transmitted signal and n is the AWGN noise. The expression of W is shown as follows where H represents the complex conjugate transpose and † denotes the pseudo inverse operation.
However, channel estimation error is inevitable in practice. The relationship between the estimated channel matrixĤ with estimation error and the actual channel matrix H can be expressed asĤ
where e is the measure of channel estimation error. is the channel estimation error matrix, the elements of it are i.i.d zero-mean complex Gaussian, with unity variance. is uncorrelated with H . With the presence of channel estimation error, the received signalŜ can be expressed aŝ
. Then the zero-forcing received signal can be further expressed aŝ
Considering the proposed APQAM scheme, the operation of the optimization algorithm depends on the CSI estimation. Channel estimation error will cause inaccurate channel matrix H , as the performance of the APQAM scheme may degraded, especially in the depolarization channel case. Take PM as an example, if PDL is considered as the depolarization effect in the channel with ideal CSI estimation, then the SNR of PM can be described as equation (42).
On the other hand, when channel estimation error exists, except for AWGN noise, channel estimation error also introduces extra noise into the system, the estimated SNR with channel estimation error for PM can be expressed as
wheren = H † n − eH † E − eH † H † n represents the noise power using the zero-forcing method with channel estimation error. Based on the description in [27] , equation (49) can be further simplified as
Similarly, the SINR of QAM can be affected by channel estimation error. The SINR of QAM with channel estimation error is expressed as
It can be seen that channel estimation error can have an impact on the SNR (or SINR) of the modulation scheme, as well as the corresponding SER performance for both PM and QAM. When channel estimation error occurs, the adaptive modulation unit at the transmitter can't use accurate CSI to set optimal modulation order and allocate data rate, and the improvement of EE is limited. In the simulation part, we will testify the robustness against channel estimation error of the proposed APQAM scheme.
In this section, the SER performance of APQAM based OFDM system is analyzed in both AWGN channel and depolarization channel. Also, the impact of channel estimation error is analyzed. It can be seen that, PA nonlinearity, depolarization effect and channel estimation error can have an impact on the SNR (or SINR) of the APQAM scheme, thus the SER performance degraded. Considering these facts, the APQAM scheme should adaptively adjusting the modulation order of QAM and PM to achieve better EE performance while considering data rate requirement and CSI. In the next section, we will evaluate the EE performance to testify the validity and robustness of the proposed scheme.
VI. SIMULATION AND ANALYSIS
In order to evaluate the EE performance of the APQAM scheme, simulations are performed in this section to verify the above analysis. An OFDM system with 100 subcarriers over a bandwidth of 20MHz at the 2.157GHz band is modulated by the APQAM scheme. The feasible modulation order for QAM is 4, 16 and 64 while the PM modulation order can vary among 2, 4, 8, 16, 32 and 64. For the PA MRF6S21050L considering in this paper, when OBO value is more than 10dB, PA works in its linear region while PA works in its nonlinear region when OBO value is less than 10dB. The input saturation power P ISA is 24dBm while the output saturation power P OSA is 29dBm.
When the data rate requirement at the transmitter varies from 200bit/s to 1000bit/s, the distribution of M Q , M P , OBO VOLUME 5, 2017 and the EE η are shown in Fig. 2 . At this time, the fullband APQAM algorithm is considered in the AWGN channel. Also, the SER threshold is 10 −3 . In Fig. 2(a)(b) , it can be found that, when the data rate requirement R is less than 700bit/s, M Q keeps increasing while M P stays in low modulation order. As R goes higher, M Q decreases while M P goes higher. From Fig. 2(c) , OBO value goes down continuously and reaches 10dB when R is 700bit/s which means that PA begins to work in its nonlinear region. It can be seen that when the data rate requirement is low, PA works in its linear region where QAM has a better EE performance. In order to achieve a higher EE, the APQAM scheme adaptively lets QAM carry more information. However, as R increases, PA begins to operate in its nonlinear region, then PM should carry more information since it is unaffected by the PA nonlinearity. From Fig. 2(d) , it is obvious that the EE η keeps increasing even when the PA works in its nonlinear region, which means that more effective data rate can be transferred by per joule energy and the EE of PA can be enhanced.
In Fig. 3 , the EE performance comparison of the two APQAM algorithms is given. All 100 subcarriers are separated to 10 adjacent subgroups in the sub-band APQAM algorithm. The size of each subgroup is set as 10 for mainly two reasons. The first one is to avoid the memory effect of PA while the second one is to utilize the slowvarying characteristic of PDL in the depolarization channel. Assume that PDL varies from 3dB to 8dB in the channel. It can be seen that the EE performance of the sub-band algorithm have considerable superiority. When R is 800bit/s, the EE of PA can get an extra 20% improvement comparing with the full-band APQAM algorithm. This is because the sub-band algorithm can utilize the slow-varying characteristic of the PDL effect among adjacent subcarriers, and the resource allocation in the system can be further enhanced considering the degree of PDL in each subgroup and EE of PA can also be improved. Moreover, the full-band APQAM algorithm which modulates the whole signal band is more suitable for the AWGN channel. Although the computational complexity of the sub-band APQAM algorithm goes higher, it can bring considerable EE gain in the depolarization channel.
Also, the EE of the APQAM scheme in OFDM system is compared with QAM under different SER threshold, as shown in Fig. 4 . Set the SER threshold varies from 10 −7 to 10 −2 . In Fig. 4 , it can be seen that, as the SER threshold increases, the energy efficiency of these algorithms all increases, while the EE of the full-band APQAM scheme and the sub-band APQAM scheme are much higher. This is because the OFDM system which is based on the APQAM scheme can combine the advantage of both QAM and PM, thus EE can be improved sufficiently. Furthermore, the proposed scheme can choose the optimal modulation orders for QAM and PM, so that PA can work in its nonlinear region without a significant increasing of SER. Moreover, the sub-band APQAM scheme can make better use of the system resource, as EE can get further improvement. Also, we can see that the EE gap between the fullband APQAM scheme and the sub-band APQAM scheme increases with the SER threshold. It is mainly due to the fact that the SER threshold should be obeyed by the all the subcarriers and subgroups while the SER performance is directly related to the modulation order for both QAM and PM. Thus higher modulation order can only be set to achieve better EE gain in the sub-band APQAM scheme when the SER threshold is relaxed. However, for the traditional QAM scheme, when PA is working in its linear region, better SER performance can only be achieved by decreasing the data rate. The simulation results show that the EE of the APQAM scheme can increase 50% ∼ 80% compared with QAM under the same SER threshold and data rate requirement.
In Fig. 5 , the influence of channel estimation error on the performance of the EE is analyzed in two APQAM algorithms, and we use QAM with no channel estimation error as comparison. At this time, QAM is preferred to use a pair of orthogonally polarized antennas both at the transmitter and the receiver. It can be seen from the figure that when PDL is small, which means the channel condition is good, the EE performance in the sub-band APQAM algorithm is higher than that of the full-band APQAM algorithm, even with 10% of channel estimation error. This is because the sub-band APQAM algorithm can make better use of the resource in the system by splitting subcarriers into several subgroups and setting optimal modulation order for each of them. However, when channel estimation error occurs, the degradation degree of the EE performance in the sub-band APQAM algorithm is also larger. When channel estimation error is 10% and PDL is 10dB, the EE performance of the sub-band APQAM algorithm is lower than that of the fullband APQAM algorithm. It is due to the fact that the sub-band adaptive modulation algorithm need more accurate CSI for each subgroup in order to determine the optimal modulation order. When channel estimation error occurs, the full-band APQAM algorithm shows more robustness than the sub-band APQAM algorithm. Although the full-band APQAM algorithm is designed for AWGN channel at first, it is also suitable for the circumstance with severe channel estimation error and deep depolarization effect. Moreover, it can be found that, for the EE performance of the proposed two adaptive modulation algorithms, they are both better than QAM even with 10% of channel estimation error, so the robustness of the proposed algorithms is testified.
VII. CONCLUSION
In this paper, an APQAM scheme in OFDM systems was proposed to improve the EE of PA. Two APQAM algorithms were designed for the EE enhancement in different channel conditions while the effect of PA nonlinearity, depolarization effect and channel estimation error on the APQAM scheme was analyzed. Considering current data rate requirement and CSI, the APQAM scheme can choose the optimal modulation order for both QAM and PM, as well as the optimal working point of PA, thus the EE of PA can be improved. Simulation results show that the EE of the APQAM scheme can nearly improve fifty percent more than that of the traditional QAM scheme in OFDM systems.
APPENDIX THE DESCRIPTION OF SIN R Qk
Assume the power of the OFDM signal is normalized, then it can be calculated as following
where E|X k | 2 = 1 N , so the power of the corresponding desired signal can be calculated as
as follows. 
SIN R

